Introduction
Alginate is found in nature as a structural component of marine brown algae and as a capsular polysaccharide in some soil bacteria. It is a linear binary copolymer consisting of linked 1,4-β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues. The physical properties of alginate depend on the sequence of M and G residues as well as on the average molecular weights and the molecule-weight distribution of the polymer. It has some unique properties, such as non-toxicity, biocompatibility, biodegradability, chelating ability and hydrophilicity, and is an important biopolymer used to make microcapsules for drug delivery, 1, 2 immobilization of biocatalysts, [3] [4] [5] [6] [7] [8] wound dressing 9 and tissue engineering. 10 Alginate gels have a wide pore size distribution due to the open lattice structure of matrix, 11 resulting in biomacromolecules being released from these matrixes during storage and the use of alginate gels due to diffusion into the surrounding solution. The latter is a critical aspect for control in long-term applications, especially for constructing an amperometric biosensor. 12 The most frequently used methods to reduce the porosity of the alginate gels are polycationic coating 1, 13 and covalent cross-linking. 14, 15 However, some polycationic coatings themselves may be toxic to encapsulated biomacromolecules, for instance, poly-L-lysine. 16 Cosnier and Marks presented an efficient approach to immobilize enzyme by a chemical modification of alginic acid with biotin 17 or pyrrole. 18, 19 The synthesis procedures and enzyme modification are not very convenient. In addition, some of them may cause the immobilized enzymes to lose their activities due to a special modification.
Layered double hydroxides (LDHs) are a class of ionic lamellar solids with positively charged layers with two kinds of metallic cations and exchangeable hydrated gallery anions. This is also referred to as anionic clays, compared with cationic clays, and also as hydrotalcite-like compounds in the name of polytypes of the corresponding [Mg-Al] based mineral. LDHs with different cations, such as Mg, Mn, Fe, Co, Ni, Cu, Zn for divalent cation and Al, Mn, Fe, Co, Ni, Cr, Ga for trivalent cations, and LDHs derived materials have been studied. Further, possible wide applications have driven strong attraction as anion exchangers, polymer stabilizers, antiacids, anion scavengers, catalyst supports, adsorbents, filtration, controlled release of anions, electroactive and photoactive materials, etc. [20] [21] [22] [23] LDHs have also been demonstrated to be as attractive material for an attractive enzyme immobilization matrix in our previous work. [24] [25] [26] [27] [28] [29] [30] [31] However, the immobilization technique has three main problems: 31, 32 (1) an inorganic clay film may crack when kept dry for storage, and in some extreme cases it can lead to removal of the film from the electrode surface; (2) its swelling property limits the practical applications of a pure LDHs-based biosensor in some cases; (3) glutaraldehyde is generally used as a cross-linking agent, which containing complicate chemical species of documented cytotoxic nature, and can cause denaturation of immobilized biomolecules.
Since Alginate contains carboxylic acid groups on polyguluronate units, Alginate gel exhibits a negative surface charge. Negatively charged Alginate gel is expected to aggregate with positively charged layers of LDHs. This hybrid material might combine the physicochemical attributes of its precursors, and improve their features, exhibiting enhanced biocompatibility, controlled porosity and increased adhesion to electrodes. In this work, glucose oxidase (GOD) was initially entrapped into this composite film so as to construct a novel glucose biosensor with improved analytical performance. A new type of amperometric glucose biosensor based on alginate (Alg)/layered double hydroxides (LDHs) organicinorganic composite film is described. This hybrid material combines the advantages of an organic biopolymer, Alg and inorganic LDHs. Glucose oxidase (GOD) immobilized in the material maintained its activity. The composite films were characterized by UV-Vis. The results indicated that GOD retained the essential feature of its native structure in the composite film. The Alg/LDHs/GOD-modified platinum electrode exhibited a fast response to glucose (achieve 95% of the maximum in 10 s), which provided a linear response to glucose over a concentration range of 1.6 × 10 -5 -2 × 10 -3 M with a detection limit of 4 × 10 -5 M based on S/N = 3. Furthermore, the biosensor exhibited excellent long-term stability, and satisfactory reproducibility. It retained 87% of its original activity after being used for 28 days. 
Experimental

Reagents and chemicals
Glucose oxidase (GOD) (EC1.1.3.4, Type II, 108 U/mg) from aspergillus niger was purchased from Amresco. Alginic acid sodium salt (Alg) was obtained from A Johnson Matthey Company. Layered double hydroxides (LDHs, Zn3Al(OH)8Cl,) were synthesized by a coprecipitation method developed by de Roy. 27, 33 An LDHs colloidal suspension was prepared in boiled-deionized-distilled water. Other aqueous solutions were prepared in deionized water. A 50 mM stock glucose solution was daily prepared and stored overnight to reach mutarotational equilibrium before use.
Measurements and apparatus
Because GOD catalyzes in the presence of molecular oxygen, the oxidation of β-D-glucose into gluconic acid and hydrogen peroxide, the amperometric detection of glucose was assayed by potentiostating the Alg/LDHs/GOD/Pt electrode to oxidize the enzymatically generated hydrogen peroxide. A CHI 660 electrochemical workstation (CHI Co., USA) was used for amperometric voltammetry. All electrochemical studies were performed with a conventional three-electrode system. A saturated calomel electrode (SCE) and a Pt foil electrode were used as a reference electrode and a counter electrode, respectively. The working electrode was a Pt disk electrode (diameter 2 mm), carefully polished with 0.05 μm alumina particles on silk, followed by rinsing with distilled water and dried in air before use. All measurements were carried out in a thermostated cell at 25 C, containing a phosphate buffer solution. UV-Vis measurements were carried out by using a UV-2550 UV-Vis spectrophotometer (Simadzu Co., Japan). Sample films for measurements were prepared by casting a GOD solution or an Alg/LDHs/GOD solution onto quartz slides and dried in air.
Construction of biosensor and enzyme immobilization
A 0.4-wt% Alg solution was prepared by dissolving Alg in distilled deionized water with the help of sonication. An LDHs colloidal suspension (2 mg ml -1 ) was prepared by dispersing LDHs in deionized and decarbonated water while stirring overnight.
GOD was also dissolved in deionized and decarbonated water at a concentration of 4 mg ml -1 . Then, 15 μl of aqueous mixture with the optimal configuration (Alg/LDHs/GOD, w/w/w, 4:1:4) was spread on the surface of a platinum disk electrode. The coating was dried at 4 C in a refrigerator.
Results and Discussion
UV-Vis spectroscopy
UV-Vis spectroscopy was also performed to study a possible conformational change of GOD in Alg/LDHs film. Sample films were prepared by casting 200 μl of a GOD solution (2 mg ml -1 ) and Alg/LDHs/GOD (w:w:w, 4:1:4) aqueous solution onto quartz slides and dried in air, respectively. Figure 1 shows the UV-Vis absorption spectra of GOD, Alg/LDHs/GOD films cast on quartz slides. For immobilized GOD with Alg/LDHs, the characteristic absorption band for polypeptide chains in protein structure is located at 277 nm, 34 shifting by only 4 nm toward the red compared with that of pure GOD film. A slight shift in this absorption band may be due to an interaction between Alg/LDHs and proteins. Such interactions neither destroy the structure nor change the fundamental microenvironment for biomoclecules.
Optimization of detection test variables
The pH value is one of the selected parameters; it affects the response of Alg/LDHs/GOD-modified Pt electrode glucose. Curve a in Fig. 2 illustrates the effect of the pH on the response current of 0.4 mM glucose at the proposed bioelectrode. At pH values less than 6.5, the response current increases steeply with an increase of the pH, and then reaches a maximum value at pH 6.5, since at the pH values over 7.0, the response decreases. The maximum current response is obtained at pH 6.5, which is in agreement with the pH value of 5 -6 reported for native GOD. 35, 36 Therefore, PBS at pH 6.5 was selected as the electrolyte in subsequent experiments.
The dependence of the glucose biosensor on the applied potential for an amperometric signal is shown in Fig. 2b . The biosensor response to 0.4 mM glucose increases with increasing applied potential from 0.3 to 0.6 V, and then decreases for higher potentials. The optimal potential is 0.6 V. An uncommon phenomenon is observed for a decreased response over 0.6 V. Unfortunately, the exact nature of this effect is not clear yet. Generally, an increasing response can be observed with an increasing applied potential due to the increased driving force for the electro-oxidation of enzymatically generated H2O2. 30 Over 0.6 V, the response was controlled normally by diffusion of the substrate and the product. 37 In this case, the influence of H + yielded after rapid electro-oxidation is dominant. The yielded H + not diffused into bulk solution may accumulate in the biomembrane due to an excess negatively charge of the hybrid system, resulting in a shift of the local pH within the hybrid biocoating and hence to a decrease in the enzymatic rate.
The effect of temperature on the amperometric response of the biosensor to 0.4 mM glucose was investigated in the range of 283.15 to 338.15 K (Fig. 3) . The response current gradually increased with increasing temperature and reached the maximum at approximately 333.15 K, and then decreased as the temperature increased to higher than 333.15 K. At higher temperatures, the current response slowly decreased due to denaturation of the enzyme. The temperature at which the maximum response appears to be 333.15 K is comparative to GOD immobilized in CaCO3 nanoparticles (333.15 K), and much greater than those commonly observed for a GOD-based biosensor, namely 323.15, 318.15 and 323.15 K, for GOD/LDHs/Pt, 27 CHT/laponite/GOD/Pt 38 and GOD/laponite/Pt, 39 respectively. Such an increase in the optimal temperature of the running the biosensor may be ascribed to a beneficial effect brought about by an Alg/LDHs hybrid composite as the enzyme host matrix, which can provide a friendly microenvironment for an immobilized enzyme. Figure 4 shows a typical steady-state response curve for an Alg/LDHs/GOD-modified Pt electrode on successive injections of glucose to magnetic-stirred PBS (0.1 M, pH 6.5, v = 350 rpm) at an applied potential of 0.6 V. The inset in Fig. 4 displays the corresponding calibration curve via an Alg/LDHs/GOD/Pt. A clearly defined oxidation current proportional to the concentration of glucose is observed. The biosensor achieves 95% of the steady-state current within 10 s, with a linear range of 1.6 × 10 -5 -2.0 × 10 -3 M, and with a linear regression equation for i (μA cm -2 ) = 68.91C (mM) + 1.5193, R 2 = 0.9986 (n = 14). A low detection limit of 4 μM glucose was determined at a signal-to-noise ratio of 3. The glucose sensitivity was calculated to be 68.9 mA M -1 cm -2 , which is almost two-times greater than GOD/LDHs/Pt (34.8 mA M -1 cm -2 ). 27 The obtained sensitivity is also superior to those glucose based on polyions, for instance, (CHIT/PPA)2/GOD/Pt (21 mA M -1 cm -2 ) 40 and PANQ/PANEA/GOD/Pt (8 mA M -1 cm -2 ). 41 This analytical performance can be compared to those reported in the literature for Alg-based glucose sensors ( Table 1 ). The proposed electrode exhibits satisfactory sensitivity and a fast response to glucose. The developed analytical performance may be ascribed to the combined merits of Alg and LDHs, such as enhanced biocompatible, a reasonable pore size for substrate diffusion as well as a native enzyme used via non-chemical modification.
Amperometic response of an Alg/LDHs/GOD-modified Pt electrode to glucose
Stability of the Alg/LDHs/GOD-modified Pt electrode
Both for operational and long-term storage stability are very important from a practical application point of view, so these two parameters were also examined. The operational stability of the Alg/LDHs/GOD/Pt electrode was investigated by consecutive measurements of its response to 0.4 mM glucose. A reproducible current response (29.4 μA cm -2 ) with an RSD of 4.9% was observed in 30 successive assays (Fig. 5) . Six different enzyme electrodes were tested independently for the glucose amperometric response, providing an RSD value of 5.2%. This indicates, in particular, an efficient and reproducible immobilization process of GOD in an Alg/LDHs composite matrix, although the procedure used was a nonautomatic one. The storage stability of the biosensor was investigated by periodical measurements of its response to glucose. When the bioelectrode was stored in PBS at 4 C for 9 days, no significant loss of activity of the immobilized enzyme was observed. It still retained about 87% of its original response after 28 days (inset of Fig. 5 ). However, for the LDHs/GOD-modified Pt electrode, it retained only 60% of its original response after the same period. 27 This highlighted the role of Alg in the composite material, which can enhance the adhesive ability to the electrode and the biocompatibility of the microenvironment for the immobilized enzyme. On the other hand, LDHs aggregated with Alg can effectively control the release of immobilized biomacromolecules from the composite matrix.
Selectivity of the proposed biosensor
The interferences of electroactive species to the glucose response were examined in the presence of their physiological normal levels with the glucose concentration at 5.6 mM. Their interferences were estimated as a percentage of the increase in the biosensor signal recorded in the presence of interferents, compared to the steady-state biosensor response to 5.6 mM glucose alone. The influence of ascorbic acid (0.1 mM), uric acid (0.5 mM), glutathione reduced (2 mM), L-cysteine (0.02 mM) and p-acetaminophenol (0.05 mM) to the glucose response were acceptable, namely 0 -3.6%. The results are summarized in Table 2 . The improved selectivity compared with the LDHs/GOD/Pt electrode is hypothesized to be because the excess negative charge on Alg molecules inside the hybrid coating could serve as a driving force to repulse the diffusion of anions through the biocoating.
Conclusions
Negatively charged Alg gel was aggregated with positively charged LDHs.
This organic-inorganic composite was demonstrated to be an attractive material for enzyme immobilization with superiority to its precursors, independently. The highly improved biocompatibility, adhesive ability, suitable porous structure et al., became advantageous for constructing highly sensitive and selective biosensors. In addition, the use of glutaraldehyde, which can make the enzyme denatured, could be avoided. 
